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Abstract. There is increasing interest in reducing fertilizer cost and establishing proper irrigation management for sustainable vegetable production. Nigari, an effluent of salt industries, is cheaper than commercial fertilizers. Another important vegetable production factor is nutrient application timing to improve soilless cultivation in crops like sweet pepper. Therefore, this study evaluated the effects of nigari and nutrient solution application timing on leaf gas exchanges of sweet pepper cultivated under a soilless system. Treatments included three nigari rates [no nigari plus a standard nutrient solution as control, 2 mL · L L1 nigari + additional nitrogen-phosphorus-potassium (N-P-K) to equal the standard, and 4 mL · L L1 nigari + additional N-P-K to equal the standard]. Three daily application timings (T 1 = 0700 HR + 1500 HR, T 2 = 0900 HR + 1500 HR, and T 3 = 0700 HR + 0900 HR + 1500 HR) were used for each nutrient solution. Leaf gas exchange parameters were studied during the vegetative and reproductive growth stages of sweet pepper cv. Papri new-E-red. Photosynthetic responses and its related parameters, namely transpiration (E), stomatal conductance (g S ), and maximum photosynthesis (A max ), were significantly affected by nigari rates and nutrient solution application timing. Photosynthesis-related parameters, E, g S , A max , and initial slope of photosynthesis in response to light curve were the highest and light compensation point (LCP) and leaf vapor pressure deficit (LVPD) were the lowest at 2 mL · L L1 nigari compared with the control at both plant vegetative and reproductive growth stages. For nutrient solution application timing, the highest E, g S , and A max were observed at T 3 treatment at both plant growth stages. Furthermore, marketable yield of sweet pepper was the highest when 2 mL · L L1 nigari was applied at 0700, 0900, and 1500 HR a day. Leaf gas exchange parameters showed that nutrient solution application timing of 0700, 0900, and 1500 HR a day was better for obtaining high yield of sweet pepper under nigari treatment in soilless culture.
Sweet pepper (Capsicum annuum L.) is an economically important vegetable crop all over the world. It is often grown intensively in greenhouses. In the greenhouse, irrigation is necessary to ensure stable yields with high quality. For sustainable crop cultivation, crop-specific and water-saving irrigation application timings that do not negatively affect crop productivity must be developed. Worldwide, several successful attempts have been documented regarding the use of deficit irrigation methods, namely regulated deficit irrigation and partial root zone drying, to improve irrigation water use efficiency in various crop species (Arzani et al., 2000; Dorji et al., 2005; Grant et al., 2004; Hutton, 2000; Kang et al., 2002; Kirda et al., 2004; Romero et al., 2004; Van Hooijdonk et al., 2004) . However, there has been little attention paid to application timing of nutrient solution for sweet pepper in soilless culture. Russo (2011) conducted research on irrigation timing in field-grown sweet pepper. Information on how application of irrigation timing affects vegetable production in soilless culture can help growers to improve crop yield and quality of the products. Timing of the delivery of nutrient solution can affect water availability to plants and thus can directly affect fruit yield, fruit quality, and production costs. Understanding the timing of nutrient solution has therefore become increasingly important to achieve sustainable agriculture. Sustainable agricultural development depends on sound irrigation and water management, the main aim of which is, first, to satisfy crop water needs and, second, to maintain good soil aeration (McNiesh and Welch, 1985) . Therefore, mistakes in application timing of nutrient solution may result in serious yield reduction. Furthermore, overirrigation and prolonged soil saturation can cause disease in plant roots or root rot. However, different irrigation timing may have an effect on yield by affecting leaf gas exchanges.
There is also increasing attention being given toward reducing the production cost of agricultural crops. Nigari application in soilless culture can lower production cost because it contains many macro-and micronutrients and can be an alternative fertilizer source. Nigari is an effluent of salt industries and cheaper than commercial fertilizers. It contains high amounts of calcium (Ca 2+ ), magnesium (Mg 2+ ), and other microelements that may have an effect on leaf gas exchange of sweet pepper. Nigari also contains some extent of sodium (Na + ) that may impose mild salinity, but it contains some silicon (Si) that may minimize the negative impact of salinity (Bradbury and Ahmad, 1990; Liang et al., 1996) . However, the excess of salts in the soil solution and in the irrigation water causes the reduction of pepper fruit size (Navarro et al., 2002) and the increase of blossom-end rot incidence (Tadesse et al., 1999) .
Photosynthetic rates depend on a number of factors such as age of the leaves (Connor et al., 1993) , sink assimilate demand (Frageria, 1992) , and availability of water as well as light and nutrients. Photosynthesis is also affected by different stress factors (Taiz and Zeiger, 2006) . The capacity of the plant's photosynthetic apparatus is reduced in the presence of excess salts (Ashraf, 2001; RomeroAranda et al., 2001) . In any case, the ultimate effect of salts on photosynthesis depends on the nature of the salts, their concentration, and the plant species. It is possible that low salinity increases photosynthesis, whereas high salinity reduces it. Nigari may have mild or low salinity as a result of the presence of Na + and may have an effect on leaf gas exchange in sweet pepper. There has been no research on nigari application and its impact on leaf gas exchange, although it is used as a supplemental liquid fertilizer in Japan. There is a need to encourage more sustainable agricultural practices, reducing inputs of fertilizers, while minimizing any negative impact on leaf gas exchange of crops like sweet pepper. Therefore, it is important to investigate the effect of nigari on leaf gas exchange in sweet pepper. In the present study, leaf gas exchange of sweet pepper plants was measured to determine the effects of nutrient solution application timing and nigari on g S , LVPD, and leaf photosynthetic rate of soilless greenhouse-grown sweet pepper plants.
Materials and Methods
Experimental site, plant materials, and growing conditions. A greenhouse experiment was conducted from Sept. 2011 to May 2012 at the Horticulture Farm in the University of Miyazaki, Miyazaki, Japan. The experiment was conducted in 15-L pots and one plant was transplanted into each pot. Seedlings were transplanted into the pots on 12 Nov. 2011. Sweet pepper cv. Papri new-E-red (Marutane Seed Co., Kyoto, Japan) was used in this experiment based on its yield under high-temperature conditions (Rahman and Inden, 2012) . One 15-cm, sixth-leaf stage, 8-week-old seedling was transplanted into a 15-L pot containing a 50:45:5 (v/v) mixture of coconut coir peat, perlite, and shodo (burned loam soil), respectively. Three replicates of three pots were tested for each treatment. Two edge rows were grown to reduce border effects. Nutrient solutions were applied to the plants continuously by a drip irrigation system. The pH and electrical conductivity (EC) of the nutrient solutions were controlled during application. Nutrient compositions, EC, and pH for each treatment are shown in Table 1 . Average minimum and maximum temperatures and relative humidity were 18 ± 2°C and 24 ± 2°C and 40% ± 10% and 55% ± 10%, respectively, during the experiment. The temperatures were maintained by a heating system and exhaust fans in the greenhouse.
Experimental design and treatments. A randomized complete block design with three 3 three factorial treatments and three replications were used in this study. Three plants served as an experimental unit. Two factors of this experiment were three nigari treatments (no nigari plus a standard nutrient solution as control, 2 mL · L -1 nigari + additional N-P-K to equal the standard, and 4 mL · L -1 nigari + additional N-P-K to equal the standard) and three nutrient solution application timings (T 1 = twice a day at 0700 HR and 1500 HR; T 2 = twice a day at 0900 HR and 1500 HR; and T 3 = three times a day at 0700 HR, 0900 HR, and 1500 HR). An equal volume of nutrient solution was applied for all the treatments and it was on an average 1.95 L/plant/day. The standard nutrient solution composition was selected according to Rahman and Inden (2012) . Standard nutrient solution was applied to the plants for all the treatments until 2 weeks after transplanting. After that time, nigari treatment was started and applied everyday until harvest. Nigari was obtained from Miyazaki Sun Salt Co., Miyazaki, Japan, and was analyzed by inductively coupled plasma emission spectroscopy (ICPS-8100; Shimadzu Corp., Kyoto, Japan) for its nutritional composition (Table 2) .
Measurements.
The third fully open leaf below the shoot tip was selected from each plant for measurements of g S , E, LVPD, and net photosynthetic rate (NPR) in the plant vegetative and reproductive growth stages. These measurements for the vegetative growth stage were conducted at 45 d after transplanting on 27 Dec. 2011, which was 30 d after the start of the treatments. For the reproductive growth stage, measurements were made 75 d after transplanting on 26 Jan. 2012, which was 60 d after the start of the treatments, at which point the first small fruit settings were observed. The g S , E, and LVPD were measured using a portable photosynthesis measurement system (LI 6400XT; LICOR) set at a 1000 mmol · m -2 · s -1 photosynthetic photon flux (PPF), 400 mmol · mol -1 carbon dioxide (CO 2 ) concentration, and 200 mL · min -1 internal flow rate. Using the same system, NPR was measured under five PPF levels (0, 500, 1000, 1500, and 2000 mmol · m -2 · s -1 ) at 400 mmol · mol -1 CO 2 concentration under 200 mL · min -1 internal flow rate. The g S , E, LVPD, and NPR were measured during morning hours (no later than 1200 HR) before plants experienced midday high temperature and radiation. The NPR (mmol · m -2 · s -1 ) at varied PPF was fitted with a common photosynthetic model described by Wu and Kubota (2008) .
Yield. The yield per plant was recorded during the experiment from the first harvest date of 28 Feb. 2012 to 10 May 2012.
Statistical analysis. Data were analyzed by two-way analysis of variance using SPSS (Version 16.0; SPSS Inc., Chicago, IL) for Windows and the differences among means were determined using Tukey's test at P = 0.05.
Results and Discussion
Transpiration, leaf conductance, and leaf vapor pressure deficit. When measured at 30 d after start of the nigari treatments during the vegetative growth stage, 4 mL · L -1 nigari reduced E and g S by 29% and 41%, respectively, compared with the control, suggesting that the reduction in E was associated with the decreased g S (Table 3) . However, there was no significant difference in E between 2 mL · L -1 nigari and the control. However, significant differences were found in g S between 2 mL · L -1 nigari and the control. It was found that 2 mL · L -1 nigari increased E and g S by 11% and 16%, respectively, compared with the control. This might be the result of differences in EC among the nigari treatments and the EC increased with increasing rate of nigari. A similar correlation between E and g S under varied EC levels was reported in tomato by Romero-Aranda et al. (2001) . High salinity (0.5 and 1% NaCl) and water stress also limited pepper plant gas exchanges and reduced transpiration (De Pascale et al., 2000) . Our findings are consistent with their results, because nigari contains some Na + that might have imposed salinity stress on the plants when applied at 4 mL · L -1 nigari that reduced the E and g S . Furthermore, 2 mL · L -1 nigari might have mild salinity, but the Si might mitigate the adverse effect of salinity, thus improving the E and g S in sweet pepper. Bradbury and Ahmad (1990) and Liang et al. (1996) reported that Si minimized the adverse effects of salinity in tomato.
Our results revealed that LVPD increased with increasing rate of nigari. The highest LVPD was found at 4 mL · L -1 nigari and the lowest at 2 mL · L -1 nigari. It was found that 2 mL · L -1 nigari reduced LVPD by 17% and 33% compared with the control and 4 mL · L -1 nigari, respectively. Negative responses of E and g S to LVPD were found. Martínez and Roca (2001) found differences in LVPD in sweet pepper that negatively affected the E under different humidity conditions. Our trend of LVPD was consistent with their results when nigari was applied.
When measured during the reproductive growth stage, the nigari treatments significantly affected the E and g S . The highest E and g S were found with 2 mL · L -1 nigari, which increased significantly by 9% and 8%, respectively, compared with the control. However, the higher rate of nigari (4 mL · L -1 ) reduced E and g S by 23% and 30%, respectively, compared with the control. A smaller reduction of E and g S was found with 4 mL · L -1 nigari in the reproductive growth stage than in the vegetative growth stage. This might be because of the plant's osmotic adjustment after prolonged exposure to high EC at 4 mL · L -1 nigari. Osmotic adjustment in plants is an important adaptation to water stress by decreasing the leaf water potential to compensate the lowering of water potential in the nutrient solution (Guerrier, 1996; Shannon et al., 1987) . A similar trend of E and g S was found in tomato under different EC levels by Wu and Kubota (2008) . Nigari at 2 mL · L -1 improved E and g S in the reproductive growth stage, although the EC of this treatment was a bit higher than the control. If the greater E observed in the reproductive than the vegetative growth stage was caused by the increased g S , the E/g S ratio, representing a driving force of transpiration rate, should have been similar. Therefore, the difference observed in E/g S may suggest that there were physiological changes between two stages such as acclimatization to mild salt stress resulting from nigari at 2 mL · L -1
. Similarly, acclimatization of hydroponic tomato plants to salt stress and water deficit was observed by Xu et al. (1997) . The LVPD in the reproductive growth stage increased with increasing rate of nigari and the highest LVPD was found with 4 mL · L -1 nigari. Meanwhile, the lowest LVPD was found with 2 mL · L -1 nigari, which was not significantly different from the control. However, 2 mL · L -1 nigari reduced LVPD by 6% and 17% compared with the control and 4 mL · L -1 nigari, respectively. A smaller reduction in LVPD at 2 mL · L -1 nigari compared with the control was noticed in the reproductive stage compared with the vegetative stage. This result indicated that the sweet pepper plants acclimatized after prolonged application of 2 mL · L -1 nigari. Nutrient solution application timing had a significant effect on E and g S when measured at 30 d after the start of treatment during vegetative growth (Table 3) . Equal volumes (average 1.95 L/plant/day) of nutrient solution were applied everyday for all the treatments. The lowest E was found with T 1 , which was similar to that of T 2 . Meanwhile, T 3 exhibited the highest E. Similarly, the highest g S was found from T 3 and the lowest from T 1 . The relatively low E and g S in T 1 may be because it created a mild water-stress condition at noon compared with the other treatments. Niu et al. (2006) reported that photosynthesis, E, and g S of some bedding plants were reduced with decreasing moisture content in the growth substrate. Our results are consistent with their findings. Greater leaching and evaporation might be created in T 1 and T 2 as a result of the application of a higher volume of water at a given time. In fact, T 3 treatment supplied adequate water and leaching was not observed. Before noon plants in T 3 received water, which might explain the increase E and g S . Sweet peppers require relatively moist soils and an adequate water supply (Doorenbos and Kassam, 1979) . Irrigation timing at 0900 HR or noon is important, because at that time, air temperature is higher than earlier in the day. LVPD showed a significant difference as a result of nutrient solution application timing. The T 3 had the lowest LVPD resulting in higher E and g S . Therefore, exposure to low LVPD may be conducive to growth by keeping stomata open for gas exchange. Cunningham (2005) reported a decrease in net photosynthesis with increasing LVPD in tropical tree species. Jaimez and Rada (2011) reported that Capsicum chinensis plants under full sunlight showed a slight tendency to decrease g S as LVPD increased, which is consistent with the results of our present experiment under different timings of nutrient solution application.
During the reproductive growth stage, T 3 had greater E and g S and lower LVPD than the other nutrient solution application timings. However, the T 3 had greater E and g S and lower LVPD in the reproductive growth stage than those of measured during the vegetative growth stage. The overall differences in E, g S , and LVPD among the treatments were smaller during the reproductive growth stage than those during the vegetative growth stage. Our results indicated that the time of day when irrigation was applied affected the gas exchange of the sweet peppers. Russo (2011) reported that the irrigation application timing in field-grown sweet pepper was better at 1000 HR or 1400 HR. Significant interactions between nigari rates and nutrient solution application timing were found for E and g S but not for LVPD during the vegetative growth stage (data not shown). Similarly, interactions for E and LVPD were significant but not significant for g S during the reproductive growth stage. However, the highest values for E and g S and the lowest value for LVPD were found in T 3 under 2 mL · L -1 nigari at both of the growth stages (data not shown).
Photosynthetic responses. Results revealed that 2 mL · L -1 nigari had the highest photosynthetic rate compared with 4 mL · L -1 nigari and the control during both of the vegetative and reproductive plant growth stages (Fig. 1) . In fact, nigari contains some Na + that might have imposed mild salinity stress on pepper at 4 mL · L -1 nigari, and EC level in 4 mL · L -1 nigari was higher than the other treatments. Romero-Aranda et al. (2001) observed different responses in leaf gas exchange characteristics to different NaCl concentrations in tomato plants. Closure of stomata in the presence of increasing concentration of salts is a way for plants to reduce water losses. This, however, affects the antenna system of chloroplasts, the biochemical reactions that take place in them, and the entire system of energy transformation in chloroplasts (Iyengar and Reddy, 1996) . Photosynthesis may have been reduced in 4 mL · L -1 nigari as a result of this phenomenon. Xu et al. (1995) reported that the net photosynthetic rate in tomato leaves increased at EC 4.0 dS · m -1 compared with the control of 2.0 dS · m -1 with plants were grown with NFT (nutrient film technique) and rock wool systems. In our study, EC of 2 mL · L -1 nigari was 3.9 dS · m -1 that increased photosynthetic characteristics in sweet pepper plants. Similar responses to nigari were found when measured at the reproductive plant growth stage. However, 2 mL · L -1 nigari improved the photosynthetic rate of sweet pepper at both of the growth stages.
Nutrient solution application timing showed a significant effect on photosynthetic light response during the vegetative and reproductive growth stages (Fig. 2) . Among the timing treatments, T 3 had the highest photosynthetic rate compared with the other timings at the vegetative growth and reproductive growth stages. In fact, E and g S were the highest at both of the growth stages with T 3 and the photosynthetic light response increased. Reduced g S results in a decrease in uptake of CO 2 that can be used in carboxylation reactions (Brugnoli and Björkman, 1992 ) and higher g S in plants increases the diffusion of CO 2 in the leaves and thus increases the rate of photosynthesis.
A max , light compensation point, and initial slope of photosynthesis in response to light. During the vegetative growth stage, high concentration of nigari (4 mL · L -1 ) reduced the A max and initial slope by 24.4% and 
14.3%, respectively, compared with the control (Table 4) . Similarly, LCP increased with increasing the rate of nigari. The lower initial slope observed at 4 mL · L -1 nigari indicated a lower efficiency of photosynthesis under low light conditions, and the greater LCP at the same treatment indicated a greater respiration rate than those of 2 mL · L -1 nigari and the control. This might be due to higher EC in 4 mL · L -1 nigari, and a similar correlation was observed in tomato under moderate and high EC in the nutrient solution by Wu and Kubota (2008) . However, we observed significantly increased vegetative growth (stem length and leaf size) in sweet pepper (data not shown) in the plants in 2 mL · L -1 nigari, which may be attributed to higher photosynthetic efficiency and lower respiration. During the reproductive growth stage, the A max and initial slope in 2 mL · L -1 nigari were significantly higher than that in 4 mL · L -1 nigari and the control. The LCP was significantly lower in 2 mL · L -1 nigari but not significant with the control. This might be the result of higher EC and mild salinity stress that might have been imposed by 4 mL · L -1 nigari. The reduction of the rate of photosynthesis in the presence of excess salts may be explained by the rapid aging of leaves and changes in activities and actions of other enzymes, besides RuBisCO, that are involved in photosynthesis, which leads to changes in the structure of the entire cell cytoplasm of photosynthetic tissues (Maksimovic and Ilin, 2012) . At the same time, slower transport of the products of photosynthesis from the source to the sink also leads to a slowing of photosynthesis (Iyengar and Reddy, 1996) . The lower rate of nigari performed better and it promoted reproductive growth of sweet pepper plants. The A max was relatively greater in the reproductive growth stage than in the vegetative growth stage within the same nigari treatments. The initial slope of the photosynthetic response curve decreased with increasing nigari rate for the vegetative growth and the reproductive growth stages. The changes observed between the two stages may be caused by the plant acclimatization to the increased nigari rates, as observed for E and g S (Table 3) . Another possible reason for greater maximum photosynthetic rate in the reproductive stage than that in the vegetative stage is the increased sink strength of the plant during the reproductive growth (Ho, 1988) .
Among the nutrient application timing treatments, T 3 had the highest A max and initial slope with lower LCP compared with the other timings at both growth stages. At both growth stages, E and g S were the highest at T 3 and thus photosynthetic light response parameters were increased. Irrigation timing in sweet pepper plants is an important factor for improvement of photosynthetic response.
Significant interactions between nigari rates and nutrient solution application timing were found for LCP at both growth stages, but were not significant for A max and initial slope (data not shown). The lowest interaction value for LCP was found at 2 mL · L -1 nigari under T 3 treatment at both of the growth stages (data not shown).
Yield. The highest yield was obtained from nigari at 2 mL · L -1 , which was not significantly different from the control (Fig. 3) . This might be the result of the higher rate of photosynthesis at 2 mL · L -1 nigari compared with the other treatments. Colla et al. (2006) found decreased yield in grafted watermelon with increasing salinity in the nutrient solution. T 1 = twice a day at 0700 HR and 1500 HR; T 2 = twice a day at 0900 HR and 1500 HR; and T 3 = three times a day at 0700 HR, 0900 HR, and 1500 HR. Vertical bars represent the SE of the treatment means.
For nutrient solution application timings, the highest yield was obtained when nutrient solution was applied three times a day (T 3 ) (Fig. 4) . Nutrient solution application time could affect the yield of sweet pepper.
Significant interactions between nigari rate and nutrient solution application timing were found for yield and the highest yield was found at T 3 under 2 mL · L -1 nigari , which was statistically similar to that of T 3 under the control (data not shown).
Conclusion
The photosynthetic rate and transpirational responses of sweet pepper cv. Papri new-E-red plants were affected by nigari rate and nutrient solution application timing at both vegetative and reproductive plant growth stages. During vegetative and reproductive growth, photosynthesis, transpiration, and their related parameters were the highest at 2 mL · L -1 nigari. The relatively sensitive responses to nigari of leaf gas exchange rates and its related parameters observed during the vegetative and reproductive growth stages suggest that the application of lower doses of nigari (2 mL · L -1 ) should be suitable, because it could improve the overall plant growth by increasing photosynthesis and transpiration.
For nutrient solution application timings, leaf gas exchange rates showed that nutrient solution applied three times (T 3 ) was better during both growth stages, and it could improve photosynthetic rates and related parameters while sustaining yields. Finally, we can suggest that 2 mL · L -1 nigari can improve leaf gas exchanges, which consequently led to higher yield when applied at 0700, 0900, and 1500 HR per day. These results provide useful information to the growers for selecting a nutrient solution application timing and a suitable nigari rate in soilless greenhouse-grown sweet pepper. 
